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Abstract
A manufacturing operation is optimized to produce pressure sensitive label stock for
the ATM (automated teller machine) postage stamp. The label construction consists of a
facestock, an adhesive coating, a silicone coating, and a release liner. The resulting
product must duplicate the physical characteristics of US currency. The hygroscopic
nature of the cellulose facestock and liner results in a product whose dimensions ate
extremely sensitive to changes in ambient humidity. Unless specific conditions are used
during processing, a sheet of ATM label stock will curl in response to changing humidity.
The curl is often severe enough for the sheets to jam an ATM machine and prevent proper
dispensing.
Designed experiments are used to optimize and to model the production process. The
following three factors contribute significantly to eliminating cross-directional curl on the
ATM stamp: the addition of water to the liner, the addition of steam to the liner, and
drying of the facestock. The experiments show that a quadratic model adequately models
the production process.
1
Introduction
Benjamin Franklin founded the United States Postal Service (USPS) and served as the
first Postmaster General. The USPS has since grown to become one of the largest
employers in the US with approximately 850,000 employees. Since the 1970's the USPS
has received no government funding; in fact, all of its profits are returned to the general
fund for the US government. Over the past ten years, they have worked diligently to
improve their efficiency to compete against the likes of FedEx and UPS.
The "Easy Stamp" program was created to help improve distribution efficiency. The
goal of this program is to improve customer service by increasing the channels of
distribution for stamps. The program benefits local post offices by shifting stamp traffic
away from the counters. The Easy Stamp program also created many opportunities for
change within the USPS, one ofthem is a major shift in stamp technology.
Traditional "gummed" stamps are coated with a starch based adhesive that is water
activated. One major drawback for the gum stamp is that it is very sensitive to moisture.
A stack of stamps will seize when exposure to high ambient humidity. The second
drawback is that the adhesive is completely exposed, which allows the adhesive to come
into contact with surface contaminates and pathogens. These two drawbacks posed
limitations to where and how open faced gummed stamps could be distributed. One
solution to this problem is to produce booklets of stamps that are enclosed by the cover.
The second is to develop a pressure sensitive stamp; also more commonly known as a
"self adhesive" stamp. Avery Dennison, with support from the USPS, developed the first
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pressure sensitive postage stamp in 1974; its commercial success was limited by the
technical performance of the adhesive. The first truly high volume pressure sensitive
stamp was not widely distributed until the early 1990's. Since then broad public support
has allowed the share of pressure sensitive stamps to grow tremendously, mostly at the
expense of stamp booklets. Today, pressure sensitive stamps account for approximately
35% of all first class stamps sold.
The pressure sensitive CPS) stamp is the specific application of a pressure sensitive
label. The ubiquity of PS labels allow them to be found on applications ranging from
price marking, to product identification, to window stickers on automobiles. The
construction of a stamp label consists of five primary layers. The facestock onto which
the graphics are printed, the primer, the adhesive, the silicone release coating, and the
liner. The release liner serves as a carrier to keep the individual labels, such as the
stamps, together and to provide a low energy surface onto which the adhesive on the
stamps can adhere. Figure 1.1 shows the cross section of a pressure sensitive stamp.
Pressure sensitive stock for postage stamps is made in large rolls that are on the order
of 155cm wide and several thousand meters long. These unprinted rolls are then slit to a
specified width, usually 38.1cm, and sent to a contract printer. The printer prints the
graphics, cuts through the facestock-primer-adhesive layers to separate the stamps, and
then cuts the roll into the individual sheets of stamps. Figure 1.2 is the diagram for a roll
of PS label stock and the corresponding sheets of stamps.
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orientation causes the wire side to expand more than the top when the matrix absorbs
water. [Mann et aI., 1992]
After 90% of the water has been removed, the cellulose matrix is then compressed
and dried to set the fibers. Coatings, typically made of clay and latex, are applied to one
or both sides and then dried to give the sheet the desired surface properties for printing.
This matrix of dried cellulose, commonly called "paper", is then wound into a roll.
During the drying process many of the inter-cellulose hydrogen bonds are formed
under pressure; these are called dried-in-stress. Dried-in-stress prevents the cellulose
matrix from expanding or contracting uniformly. This is an important point because as
the concentration of dried-in-stress increases, the sheet becomes less dimensionally stable
when exposed to moisture. Hydrogen bonds are very weak, less than one tenth the
strength of carbon bonds [Back et al., 1963]. The bonds allow the matrix to hold its
shape but their weakness and the extremely high matrix porosity explain why paper is
much weaker than an equivalent thickness of plastic or metal. Hydrogen bonds also
dissociate readily in water; this is the reason that the tensile strength of wet paper is
dramatically lower than that of dry paper. The weakness of hydrogen bonds and their
sensitivity to water are among several key pieces of information that will help explain the
mechanisms governing CD curl on the ATM product.
28
The typical properties of cellulose fibers are described in table 3.1.1 [Green, 1981,
147-150].
Table 3.1.1 Typical properties ofCellulose Fibersused in making paper
Property
fiber dimensions [mm]
moisture expansivity (%) / (% H20)
expansivity ratio
L: Longitudinal
0.5 - 5
0.05 - 0.1
0.05 < LIT < 0.1
T: Transverse(radial)
0.01 - 0.02
1
10 <TIL <20
The table shows that cellulose fibers are much longer than they are wide.
Furthermore, when exposed to moisture they swell anisotropically; that is, they tend to
expand much more transversely than longitudinally. Within a sheet, fibers closest to the
wire side are more densely packed and also tend to preferentially orient themselves
lengthwise along the MD direction of the web. Consequently, when the paper matrix is
exposed to a humidity sorption cycle the dimensional changes in the cross direction are
much greater than in the machine direction.
When a moisture gradient exists between the top and bottom surfaces of a sheet, the
resulting differential growth, or contraction, will cause it to curl. The magnitude of this
effect is dependent upon the distribution and orientation of the fibers within the sheet.
Since the liner used for the ATM stamp has more wire-side fibers that are preferentially
oriented in the machine direction, anisotropic expansion of these fibers causes the bottom
to expand more. When exposed to increasing levels ofhumidity, the net bending moment
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is toward the top surface of the sheet. The physical manifestation is a cross directional
curl toward the top or coated surface of the liner.
The ATM stamp is cut so that the long axis of the sheet is aligned parallel to the MD
axis of the roll of paper. Unfortunately, this orientation results in a sheet that tends to
have CD face curl; refer to figure 1.3. This type of curl is easily affected by ambient
humidity and is the most difficult to control. It also causes the majority of dispensing
failures in ATM machines.
3.2 The behavior ofcellulose labels in response to changing ambient humidity
The dominant driving force for curl in paper based label products is the
hygroexpansivity of the facestock and liner. Hygroexpansivity is the expansion and
contraction of paper matrix resulting from changes in its moisture content.
For paper products almost all tests are performed within a laboratory that is
maintained at 21°C and 50% relative humidity. These conditions are often referred to as
standard TAPPI conditions. TAPPI is the "Technical Association for the Pulp and Paper
Industry. The association publishes a journal and standard test procedures for the
industry.
Chapter 2 shows that in the production of the label stock, the liner is processed
through several drying ovens while the facestock, with the exception of primer coating,
generally receives little processing. The equilibrium moisture content of paper is
determined by its composition and by temperature and RH of the surrounding
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environment. The hot and dry conditions within the process ovens are selected to ensure
proper drying and curing of the silicone and adhesive coatings. Cellulose is extremely
hygroscopic so it will take in or release water from the environment until it establishes an
equilibrium. For the ATM stamp, the process ovens will reduce the liner moisture from
4.5% in the unprocessed state to 2.5% at the exit of the adhesive oven. When this liner is
placed in standard TAPPI conditions it will want to take in moisture until it reaches its
equilibrium moisture content of 4.5% [Anderson, 1991]. As it takes in moisture, the
fibers swell and causes the sheet to expand.
At the start of this study, the facestock was not heated. Therefore, its moisture
content remained at 4.5% from raw material to label. Under TAPPI conditions, the
facestock will not take in moisture or expand because it is already at its equilibrium
moisture content.
In a two ply cellulose label, curl is the result of an imbalance of forces or bending
moments between opposing surfaces. Unless the liner is treated to increase its moisture
content prior to being laminated to the facestock, it will continue to acquire moisture until
it is in equilibrium with the environment, in this case under TAPPI conditions. Left
untreated, the liner will continue to absorb moisture that was loss during processing. The
structure of the liner matrix is such that the first few microns on the wire side, which is
the very bottom of the sheet and is also the bottom of the label stock, will expand the
most. The expansion of the liner will continue until the compressive force that it exerts
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on the facestock is balanced by the resistance of the facestock. CD curl can be severe
enough to cause a sheet to curl into a tube.
For the ATM stamp, if the liner expands in the cross direction a mere O.03mm more
than the facestock, the resulting curl will produce an unacceptable product.
Measurements show that under the initial process conditions, if the lost moisture in the
liner is not replenished prior to its being laminated to the facestock, the liner can grow by
as much as O.1mm in the cross direction.
The resistance to bending or curling is proportional to the caliper of the total laminate
construction. For a given curvature, the compression force that the liner must exert on
the face increases with the thickness of the construction. The thinness of the ATM stamp
therefore, makes it especially sensitive to curl. In fact, the entire construction is barely
thicker than the caliper of a gummed stamp.
3.3 Hygroexpansivity curves
When a sheet of paper is brought from 25% relative humidity (RH) to 95%RH and
then back to 25%RH, it goes through a cycle of growth and shrinkage. When the
humidity cycle includes RH that is higher than 80%, pennanent shrinkage will occur
when the sample is brought back to the lower RH. The effect is more pronounced when
heat is applied in conjunction with moisture. In other words, the paper matrix grows with
increasing RH but as the humidity is brought back to the original level, the CD and MD
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dimensions of the sheet are shorter than at the start of the cycle [Leeman, 1994]. This
hysteresis effect commonly appears as irreversible shrinkage.
Cellulose fibers, or pulp, takes in water through three sorption mechanisms. The first
is adsorption of free water onto the hydroxyl groups of cellulose fibers. This exothermic
reaction is thermodynamically favorable and causes water to change from a liquid to a
bound state. For cellulose fibers, adsorption occurs at relative humidity (RH) below
40%. Absorption, the second mechanism, occurs when the water taken in by the matrix
remains free and is not bound as they are in adsorption. Absorption generally occurs
between 40 and 70% RH. Absorption begins when adsorption has saturated most of the
hydroxyl groups. The fmal mechanism is capillary action. Water, with its high surface
tension, makes it possible for capillary forces will draw the liquid from the surface irito
the matrix [Gallay, 1973].
Hygroexpansivity curves are graphs that show the dimensional changes in a sheet of
paper when it is cycled through the following range of relative humidity: 10%, 50%,
90%, 50%, 10%. The cycles are carried out with sufficient time to reach equilibrium.
The change in size of a sheet in response to changing RH is dependent upon the
composition and process history of the sheet. More highly compressed or denser sheets
tend to have more dried in stress and will expand more as its fiber takes in moisture.
The real value of hygroexpansivity curves lie in the fact that they can be used to
identify two sheets that exhibit similar dimensional changes over a range of relative
humidity. The goal of producing a label that will remain flat under all ranges of RH, is
33
most easily accomplished by selecting a facestock and liner that have very similar
hygroexpansivity curves.
3.4 The selection offacestock and liner
When a facestock and a liner are laminated together as in a label, the construction
behaves like a bi-metallic strip. Just as the bi-metallic strip bends in response to
fluctuations in temperature, the laminated paper structure curls in response to varying
levels of moisture. If the label is in static equilibrium, the bending moments of the
facestock and liner must be balanced and the tensile and compressive forces must also be
balanced [Spitz et aI., 1963]. With this understanding, the best solution is obviously to
make the label construction using an identical grade of paper for both the facestock and
the liner and then match the moisture requirements prior to laminating the two. The
resulting construction will stay flat because the face and liner will expand and contract at
equal rates when subjected to changes in RH.
The hygrostability of facestocks and liners are dependent upon the chemistry of their
pilip and coatings, their basis weight, and their process history. Facestocks and liners are
selected based on end use requirement and are often from different suppliers. The two
are usually from different suppliers which implies that their hygroexpansivities are
different. In the paper industry, the machine-glazed grades of paper do not go through a
compression and polishing operation. This grade was specified for the ATM stamp
because it tends to have the lowest concentrations of dried-in-stress. Fortunately for this
34
project, one supplier provided a facestock and liner that satisfied the requirements for the
ATM stamp. The fmal facestock and liner shares a base sheet but receive different
surface treatments.
The hygroexpansivity curves for the ATM facestock and liner are shown in figure
3.4.1. Notice that the sheets exhibited little CD shrinkage during the de-sorption cycle.
The cycle was completed at a constant 21°C. This relatively low temperature makes it
difficult for the airborne moisture to release the dried-in-stress of the sheets. This graph
is very useful for predicting the growth of the sheets under ambient conditions.
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Hygroexpansivity curves for the ATMfacestock and liner
To effectively control curl on the ATM stamp, the liner must shrink irreversibly to
balance the tendency toward CD face curl. Irreversible shrinkage occurs when some of
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the dried-in-stress is relieved. The experiments in chapters six and seven will show that
the heat of condensation from steam is very effective for releasing dried-in-stress.
Figure 3.4.1 clearly shows why the AIM construction will curl if no moisture is
added to the liner. As the liner exits the adhesive oven, it is in equilibrium with an
environment that is at 10% RH. When it is laminated to the facestock and placed under
TAPPI test conditions of 50%RH and 21C, the two sheets will experience different rates
of growth. The liner will expand in the cross direction by up to 0.4% as it takes in
moisture. The actual expansion will be considerably less because of the resistance of the
facestock. The most that the liner can expand relative to the face and still produce a
usable product is 0.05%. Unless the primer oven is used to remove some of its moisture,
the facestock will remain dimensionally stable because it already contains its TAPPI
condition moisture of 4.5%. If the liner is moistened to its TAPPI room moisture content
of 4.5% prior to being laminated, the two sheets will continue to expand and contract at
approximately the same rates and the sheet of stamps will remain flat.
In practice, to produce a flat laminate, the moisture level on the liner must be brought
to near saturation and heated before it is laminated to the sheet. The heat and high
moisture levels relieve dried in stresses and forces the liner to expand toward the peak in
figure 3.4.1. Once, the facestock and liner are laminated and placed under TAPPI
conditions, the excess moisture in the liner will escape and the liner will shrink
irreversibly toward the right side of the curve. The liner's contraction is one of the forces
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that drives the sheet to flatness. Irreversible liner shrinkage is necessary to overcome the
additional forces in sections 3.5 and 3.6 that act to favor cross directional curl.
Interestingly, a comparison of the MD and CD curves figure 3.4.1 shows that the
facestock and liner do in fact expand up to ten ti~es more in the cross direction than in
the machine direction. Both sheets show a minimal amount of MD change when they go
through the humidity cycle. MD curl is also easily controlled by adjusting the laminator.
Consequently, ofthe two, only CD curl poses a significant challenge for this project.
3.5 The effect ofsingle sided drying on the liner.
Section 2.1 describes the production process for pressure sensitive labels. An
extremely thin film of silicone, less than O.001mm thick, is applied to the liner and is
cured with heat. Thinness of the film combined with the roughness of the liner surface
produces a coating that is slightly porous. Bench scale experiments show that the paper
matrix adjacent to the silicone actually draws a small amount of moisture from the
adhesive through the silicone film. Furthermore, the emulsion adhesive is dried by
vaporizing its water. At elevated temperatures within the adhesive oven, water vapor
from the drying adhesive easily penetrates the silicone to relieve dried in stress on the
first few hundred microns of the liner. As processing continues, convective air flow
causes most of the moisture to escape through the adhesive coating. The loss of moisture
from the silicone side of the liner causes the web to shrink slightly and irreversibly. The
37





















6.3 Verification ofANOVA assumptions
The preciseness of the P value in an ANOVA table is dependent upon the validity of
three assumptions: independence, nonnality, and homogeneity of variances. The first
assumption is satisfied by randomizing the order of the runs. All three assumptions are
verified by analyzing the residual plots in Figure 6.3.1. Since the residuals on the nonnal
probability plot falls approximately along a straight line, one can conclude that the data
shows little deviation from nonnality. Neither the residual versus predicted graph nor the
residual versus run number graph show any obvious patterns. One can therefore, assume
that the variances are reasonably constant and that time dependent correlations are absent.
The validity ofthese assumptions support the accuracy of the confidence levels calculated
in table 6.2.1.
The half-normal plot in figure 6.3.1 identifies the effects of each factor relative to
noise. The plot shows that the effect of liner-tension is virtually indistinguishable from
noise. In contrast, the dampener's contribution is significantly above the noise level.
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6.4 First Order Model from Experiment 1
The general equation for a first order model is [Montgomery, 1991]:
k
Y = ~o + L~iXi
i=l
equation 6.4.1
y = CD curl
~o = the lease square estimator of the intercept
~i = the lease square estimator ofthe slope for factor I
Xi =value of factor i in its coded units. (+1=higher setting, -1 = lower setting)
Table 6.2.2 is the regression table for experiment 1 with the insignificant factors
pooled together. When the coefficients are entered into equation 6.4.1 the following
linear equation results:
y = 6.33 - 1.658(facestock oven temp.) - 1.366(steam setting)
- 3.793(dampener setting)
The values of the factors are in their coded units (+1, -1)
eqn.6.3.2
Table 6.2.2 also shows that the adjusted R2 is 0.85 and the regression model is significant
to over 99%. Within the range of observations, this model should fit well,.
6.5 Response Surface and Contour Plot
Equation 6.3.2 is plotted in figures 6.5.1 and 6.5.2 as response surface and contour
plots. In both figures, the facestock oven temperature is fixed at 77°F because this is the
only setting that produces flat label stock. Under the range of settings used in this
experiment it is possible to produce a flat product but only when all three significant
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factors are at the high end of their settings. The contour plot in figure 6.5.2 shows that
under these conditions the operating window is very small; the line of zero curl appears
only at the upper right comer. The results from this experiment are encouraging but the
need for high dampener settings tend to increase losses and downtime.
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Response surface for experiment 1
aflat product is possible when factors are set at their high levels (right corner)
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Contour Plotfor experiment 1
the lines ofconstant CD curl show that aflat product is possible when
factors are set at their high levels. (top right corner)
6.6 Summary ofexperiment 1
This experiment shows that under a very narrow range of conditions, it is possible to
create ATM stamp label stock that is flat. The combined contributions of facestock oven
temperature, dampener, and steam are sufficient to balance the forces in equation 5.2.2.
The small operating window and high dampener setting challenges the capabilities of the
manufacturing operation however. The next experiment will focus on enlarging the
window and making the product easier to manufacture.
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Chapter 7
Three factor Box-Behnken Experiment
The previous chapter showed that with the help of the steam box, it is possible to
produce sheets of stamp that are flat. This experiment will attempt to determine whether
any of the three factors °exhibit non-linear behavior and also to increase the range of
settings under which the label stock will remain flat. Since the first experiment, the
steam box was modified to allow it to increase its steam capacity. In this experiment, the
quantity of steam emitted at each setting is higher than in the previous experiment. Based
on the mechanisms discussed in chapter 3 this modification should contribute
significantly to reducing CD face curl.
7.1 Experimental Design
Box-Behnken designs were developed by George Box and D. W. Behnken in 1960.
These resolution V designs are much more efficient than full factorials for studying
quantitative factors at three levels. The designs allow for the estimation of linear and
quadratic effects as well as linear 2-way interactions [Schmidt et aI., 1994].
The three factors studied in this experiment are: facestock oven temperature, rotating-
screen-dampener setting, and steam box setting. For a 3-factor Box-Behnken design, a
total of 15 runs are required for each repetition. Unlike the previous experiment which
only required eight runs for each repetition it is only feasible to run two repetitions; even
so, a total of thirty runs are required.
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7.2 Factor contribution and experimental analysis
Figures 7.2.1 through 7.2.4 graphically show the relative contributions of each factor
and their interactions at the low, intermediate, and high settings. Figure 7.2.1 is the main
effects graph. Figures 7.2.2 and 7.2.3 are the interaction and standard deviation graphs,
respectively. Figure 7.2.4 is the pareto chart for the experiment. Tables 7.2.1 and 7.2.2
list the regression results.
The pareto chart in figure 7.2.4 shows that the rotating screen dampener has the
greatest impact. The next three in order of descending contribution are: steam setting,
interaction between facestock oven temperature and dampener, and facestock oven
temperature.
7.2.1 The effect ofthe rotating screen dampener
As before, this factor continues to play an important role in reducing curl but is
limited by potential losses and downtime incurred at the higher settings. The pareto chart
in figure 7.2.4 and the half normal plot in figure 7.3.1 shows that this factor and the steam
setting are the dominant contributors. This experiment shows that, with help from the
other two factors, it is possible to produce ATM stamp stock that is flat even at the lower
dampener settings. This breakthrough in process control means that the operating
window is now wide enough so that even intermediate settings on the dampener will
produce a flat product. If necessary the three factors can even be combined to produce
cross direction curl toward the liner; this result was a previously unattainable.
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Figure 7.2.1 and table 7.2.1 shows that throughout its range the dampener's
contribution is linear and that its contribution is significant to over 99%. The dampener
and the facestock oven temperature also form the only significant interaction in this
experiment. The interaction will be discussed in section 7.2.4.
7.2.2 The effect ofsteam
Figure 7.2.1 shows that this factor does not behave linearly. In fact, the increase in
steam pressure from the previous experiment made a dramatic difference. The steam box
was modified so that it could operate at a higher control valve pressure. When the liner is
processed under a high steam setting of 60-units it is possible to reverse the CD face curl
to create CD liner curl. This is an unprecedented degree of control. The previous
experiment did not show a large change between the levels because the net difference in
steam emitted was small. At the high level in this experiment the overall contribution of
this factor is very significant and appears to agree with the results published by Anderson
[Anderson, 1991]. The higher control valve pressure allows more steam to be emitted
and condensed on the cellulose fibers inside the liner. The extremely high heat of
condensation helps to relieve the dried-in-stresses and allows the liner to shrink more
than if water alone were sprayed onto the surface. The additional liner shrinkage caused
by the higher steam output makes it possible to eliminate and even reverse CD face curl.
Table 7.2.1 shows that the linear and quadratic contributions of the steam box are
each significant to over 98%. Figure 7.2.3 shows that the standard deviation for this
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factor tends to increase with increasing steam pressure. Nevertheless, it is preferable to
have the steam box at its higher setting rather than to have the dampener at its higher
setting. Higher steam box settings, in contrast to higher dampener settings, are less likely
to cause web breaks and wrinkles.
7.2.3 The effect offacestock oven temperature.
Figures 7.2.1,7.2.4, and the half normal plot in figure 7.3.1 show that relative to the
two other factors, the levels in thi~ factor produces only relatively modest changes in curl.
Nevertheless, this factor contributes sufficiently to the Ffacestock growth term in equation
3.6.2 to produce stamp label stock that is flat.
The level of significance for this factor is just below 90%. This is still reasonably
high considering the fact that this experiment had only two repetitions. Section 7.4 will
graphically show the contribution of this factor.
7.2.4 The effect ofinteractions and quadratic terms.
Table 7.2.1 shows that the only interaction that is significant to 90% is the term for
facestock oven temperature and dampener. The assumption, made in section 4.3, to
disregard three-factor or higher order interactions has been validated. The only
significant quadratic term is the steam setting., Table 7.2.2 lists the regression results
after the insignificant terms have been pooled.
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Figure 7.2.2 shows that lower oven temperatures work in conjunction with the
intennediate and high dampener settings to produce flat label stock. At higher oven
temperatures, flatness is relatively insensitive to dampener settings. This finding is
particularly useful because it allows the dampener to be set at lower settings.
Figure 7.2.2 shows an interesting discrepancy. When the dampener is at its highest
setting, the measured CD curl is lower at an oven setting of 57°C than at an oven setting
of 82°C. One would expect CD curl to be lowest when the two factors are at their highest
settings, but the figure shows that measured curl is lowest in the intermediate settings.
The deviation from expectation may have been caused by process instabilities during the
trials. This observation warrants further study.
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Main Effects Graph for experiment 2
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Standard Deviation Graph for experiment 2
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Figure 7.2.4
Pareto Chart for experiment 2
Dependent Variable:
Number Runs(N):
MultipleR:
Squared Multiple R:
Adjusted Squared Multiple R:
Standard Error ofEstimate:
Variable Coefficient
CD curl[mm]
30
0.835745
0.698469
0.562780
3.22484
Std Error Tolerance T P(2 Tail)
....---------_.._......----------_..---_.......-_...._..---------_..---------..- ...........----------.....---_......-....---------_...._-_..---
Constant 2.24417 1.31653 1.705 0.104
facestock ovenT -1.35637 0.806209 1.000 -1.682 0.108
dampener -3.70694 0.806209 1.000 -4.598 0.000
steam -3.09544 0.806209 1.000 -3.839 0.001
AB 1.53875 1.14015 1.000 1.350 0.192
AC 0.319000 1.14015 1.000 0.280 0.783
BC -0.508625 1.14015 1.000 -0.446 0.660
facestock oven2 -0.0190208 1.18671 0.989 -0.016 0.987
dampener2 -0.496396 1.18671 0.989 -0.418 0.680
steam2 -2.76415 1.18671 0.989 -2.329 0.030
Source Sum ofSquares DF Mean Square F Ratio P
Regression 481.79355
Residual 207.99159
9
20
53.532617 5.14758 0.001
10.399579
Table 7.2.1
Regression Tablefor Experiment 2
3-factors at 3-levels (resolution Vdesign)
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Dependent Variable: CD curl [mm]
Number Runs(N): 30
Multiple R: 0.83
Squared Multiple R: 0.69
Adjusted Squared Multiple R: 0.63
Standard Error ofEstimate: 2.98
Variable Coefficient Std Error Tolerance T P(2 Tail)
-_...._-------_................----_...._--_....---_........._----_.._--------_....---_.._......_----------_........--_..........--------_...._--......
c~"
Constant 1.94964 0.795631 2.45 0.022
facestock oven -1.35638 0.744245 1.000 -1.822 0.081
dampener -3.70694 0.744245 1.000 -4.981 0.000
steam -3.09544 0.744245 1.000 -4.159 0.000
AB 1.53875 1.05252 1.000 1.462 0.157
steam**2 -2.72733 1.08946 1.000 -2.503 0.020
Source Sum of Squares DF Mean Square F Ratio P
Regression
Residual
477.08750
212.69763
5
24
95.417501 10.7666 0.000
8.8624014
Table 7.2.2
Regression Table for Experiment 2
3-factors at 3-levels (resolution V design)
Factors with lower than 90% significance were pooled
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7.3 Verification ofANOVA assumptions
The residual plots in figure 7.3.1 are used to verify the ANOVA assumptions. The
normal probability plot is sufficiently straight to assume that there is no significant
deviation from normality. Both the residual versus predicted and residual versus run
number graphs appear to be equally distributed about the zero line and neither show any
obvious patterns. One can conclude that the constant variance and independence
assumptions have not been violated. Therefore, the confidence levels calculated in tables
7.2.1 and 7.2.2 should be accurate.
The half-normal plot in figure 7.3.1 shows that the contribution of all three factors are
above the noise level with the dampener again having the largest effect. The facestock-
oven-temperature and dampener interaction also lies slightly above the noise level. The
second order term for the steam setting is well above the noise level but is behind the
steam and dampener.
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7.4 Quadratic Model/rom Experiment 2
The general equation for a second order model is [Montgomery, 1991]:
k
Y = Po + LPiXj
i=l
L~>~.·x·X'PIJ I J
i j
equation 7.4.1
eqn.7.4.2
y = CD curl
~o = the lease square estimator of the intercept
~i = the lease square estimator of the slope for the linear term i
~ii = the lease square estimator ofthe coefficient for the quadratic term ii
~ij = the lease square estimator of the coefficient for the interaction term ij
Xi = value of factor i in its coded units
(+1 = high setting, 0 = middle setting, -1 = low setting)
Xj = value of factor j in its coded units (+1, 0, -1)
Table 7.2.2 is the regression table for experiment 2 after the insignificant terms have
been pooled. The following quadratic equation is obtained once the coefficients from
table 7.2.2 are entered into the appropriate locations.
y = 1.94964 - 1.356(facestock oven T) - 3.707(dampener) -3.095(steam)
+ 1.539(AB) - 2.727(steam)2
where: AB = (facestock oven T)(dampener)
All factors are in their coded values
Table 7.2.2 shows that the adjusted R2is 0.63; not particularly high but nevertheless, the
confirmation trials will show that this model is sufficiently accurate for our purposes.
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7.5 Response Surface and Contour Plot
Equation 7.4.2 is plotted as a series of contour plots in figure 7.5.1. The graphs show
an interesting and important trend. As the facestock oven temperature is increased, the
curvature of the contour plot becomes flatter. Equation 3.6.2 predicts that if the level of
moisture in the facestock were reduced prior to lamination, it will take in moisture after it
is laminated. As the facestock grows it will force the sheet of label stock to bend toward
the liner; the net effect is a reduction in CD face curl. Figure 7.5.1 shows that this is a
quantifiable phenomenon.
Figure 7.5.2 is the corresponding contour plots for figure 7.2.1. As the oven
temperature is increased, the lines of zero curvature moves toward the center of the
window. In effect, drying the facestock increases the magnitude of equation 3.6.2. Since
the dampener and steam box need not bear the entire burden of eliminating CD face curl,
each can be operated in the middle of their operating range. Prior to this study, it was a
continual challenge to try and eliminate CD face curl; under the old process conditions it
was virtually impossible to produce stamp stock with CD liner curl. This study proved
that when all three factors are set at the appropriate ranges, the resulting stamp sheet will
have zero or even CD liner curl.
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figure 7.5.1
Response Surface Plots for experiment 2, equation 7.4.2.
The facestock oven temperature is fixed at a different level for each graph
As Oven temperature increases, the surface flattens near zero curl.
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